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Abstract 17 
In this paper the one-dimensional (1D) time-dependent behaviour of natural and reconstituted 18 
London Clay samples under saturated and unsaturated conditions is studied. For this purpose, a 19 
set of 1D consolidation tests including multi-staged loading (MSL) oedometer tests and single-20 
staged loading (SSL) long-term oedometer creep tests were carried out on saturated and 21 
unsaturated specimens. Conventional oedometer cells were used for tests on saturated specimens, 22 
whereas a newly designed unsaturated oedometer cell, equipped with two high-capacity 23 
tensiometers (HCTs) for suction measurements, was used for unsaturated tests. The tests results 24 
revealed stress- and suction-dependency of primary and secondary consolidation responses of the 25 
soil samples. Furthermore, counter to formerly acknowledged suggestions of independency of the 26 
slope of normal consolidation line to suction changes, it was observed that an increase in suction 27 
results in a decrease of the slope of compression curve (Cc) and the creep index (Cαe) values, and 28 
an increase in yield vertical net stress (σp). Moreover, the Cαe/Cc ratio for London Clay was found 29 
to be stress- and suction-dependent, unlike the previously suggested hypotheses. 30 
Keywords: Stiff clay, Creep, Oedometer, Suction, Unsaturated soils 31 
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Introduction 33 
Experimental investigations have proven dependency of the mechanical behaviour of clays on 34 
time effects (Li et al. 2003; Mesri 2009; Karstunen and Yin 2010; Bagheri et al. 2015; Yin and 35 
Feng 2017; Rezania et al. 2017; Bagheri et al. 2019b). These effects are commonly observed as 36 
post-construction deformations of geostructures such as roads, railways, and dams. The time-37 
dependency of mechanical response is usually observed through irreversible creep deformations 38 
which are typically coupled with external sources of deformations driven by, for example, repeated 39 
loadings, rainfalls, flooding, and earthquakes (Oldecop and Alonso 2007). The main focus of the 40 
reported works in the literature has been laid on characterisation of creep deformations in saturated 41 
soft clays. This is while the shallow depth soil layers, typically studied for practical engineering 42 
purposes, are usually found in partially-saturated states. Little is currently known about the 43 
compression and creep response of unsaturated clays, in particular stiff clays such as London Clay 44 
(LC). The reported works on creep response in unsaturated conditions are limited to observations 45 
of time-dependent volume change behaviour of reservoir chalks (De Gennaro et al. 2003; De 46 
Gennaro et al. 2005;  Priol et al. 2007; Pereira and De Gennaro 2010), rockfills (Oldecop and 47 
Alonso 2007), and reconstituted clays (Lai et al. 2010; Nazer and Tarantino 2016). Priol et al. 48 
(2007) performed a set of multi-staged loading creep oedometer tests on oil-saturated, water-49 
saturated, partially-saturated, and dry Lixhe chalk (an outcrop chalk from Belgium) and reported 50 
that at high pressures the creep index (Cαe) values increased with increase in vertical stress and 51 
decreased with increase in suction (s). Similar results were reported by De Gennaro et al. (2005) 52 
who evaluated the suction- and stress-dependency of creep index in MSL compression tests on 53 
Estreux chalk under dry, water-saturated, and unsaturated (s = 1.5 MPa) conditions using a 54 
suction-controlled osmotic oedometer cell. The results of unsaturated triaxial drained creep tests 55 
performed on sliding zone soils of the Qianjiangping landslide (Lai et al. 2010) demonstrated that 56 
an increase in matric suction results in a decrease in creep strain rate and magnitude under constant 57 
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net confining pressure and deviatoric stress. However, despite practical interests, generalisation of 58 
these findings to various soil types, stress states, and suction ranges and coupling partial saturation 59 
states and time effects is still an open topic. 60 
This paper presents the results of multi-staged loading (MSL) and single-stage loading (SSL) 61 
oedometer creep tests performed on saturated and unsaturated LC specimens. Saturated tests were 62 
performed on undisturbed and reconstituted specimens, whereas the unsaturated creep tests were 63 
performed only on reconstituted specimens. The results of MSL tests are discussed with emphasis 64 
on the effects of soil structure, suction, and vertical stress level on the compression response, 65 
consolidation indices, and Cαe/Cc ratio. The effects of suction and vertical stress level on 66 
volumetric creep strains are further discussed based on the results of SSL oedometer tests.  67 
Material and Apparatus 68 
The test material is London Clay extracted from the New Hook Farm in Isle of Sheppey in the 69 
UK. Undisturbed block samples of un-weathered LC were taken at 4 m depth below non-quarried 70 
ground level. The index parameters and physical properties of the natural samples are summarised 71 
in Table 1. Laboratory determination of index parameters confirmed the upper bound values of 72 
24% and 78% for respectively plastic limit (wP) and liquid limit (wL) indices. Based on the USCS 73 
classification, the samples are classified as clay of high plasticity (CH).  74 
The particle size distribution (PSD) curve of natural LC presents 98% particles passing through 75 
the 0.063 mm sieve. The high content of fine grain inclusions results in an air-entry value (AEV) 76 
of several megapascals (e.g. Monroy et al. 2008). In order to decrease the AEV, the PSD was 77 
modified by including larger sized aggregates, resulting from crushing the oven-dried samples, 78 
and passing through 1.18 mm sieve. The soil water retention curve (SWRC) and AEV of the 79 
sample with modified PSD were measured using axis-translation and high-capacity tensiometer 80 
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(HCT) techniques following the procedure outlined in Bagheri et al. (2019a). As shown in Fig. 1, 81 
the modified sample exhibited an AEV of around 260 kPa which allows for testing specimens over 82 
a wider range of suctions lying on the transition (de-saturation) phase of the SWRC. It must be 83 
noted here that, although it is desired to obtain the AEV from a plot of degree of saturation versus 84 
suction, reliable values for the AEV can be also derived from the plot of water content versus 85 
suction (Fredlund 2006).  86 
 87 
Fig. 1 SWRC determined for main drying path 88 
Undisturbed oedometer specimens were directly cored from the block samples using a 75 mm 89 
diameter and 20 mm high oedometer ring. The inner wall of the ring was slightly lubricated with 90 
grease before preparing the specimen, in order to minimise the side friction effects on the stress–91 
strain response. Reconstituted soil samples were prepared by mixing the soil powder, containing 92 
the large-sized aggregates, with distilled water at 1.5wL. The slurry was then consolidated in a 100 93 
mm diameter Perspex consolidometer under a vertical stress of 80 kPa for a duration of 5 days. 94 
The samples were then quickly unloaded to minimise swelling and water absorption. Reconstituted 95 
saturated specimens were cored from the obtained cylindrical soil cakes. Unsaturated specimens 96 
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were cored from smaller subsamples air-dried at room temperature to pre-specified water contents 97 
and stored in air-tight containers for a duration of one week to attain moisture equilibrium. 98 
Selection of the initial water contents (w0) of the specimens was based on the information obtained 99 
from the developed SWRC for reconstituted samples and to examine compressibility of specimens 100 
with a wide range of suctions on the transition effect zone (partially saturated zone) of the main 101 
drying curve.  102 
Saturated tests were carried out in conventional oedometer cells, whereas unsaturated tests were 103 
carried out in suction-monitored oedometer cells equipped with two high-capacity tensiometers 104 
(HCTs) for monitoring suction evolutions (Bagheri et al. 2018). The special design of the 105 
oedometer loading cap allows for replacement of a cavitated HCT without any disturbance to the 106 
specimen and interruption in measurement of deformations. A schematic view of the unsaturated 107 
oedometer cell is provided in Fig. 2. 108 
 109 
Fig. 2. Schematic diagram of the unsaturated oedometer cell  110 
Experimental Program 111 
MSL oedometer tests with 24 hour loading periods were performed on intact, reconstituted, and 112 
low-quality undisturbed (LQU) specimens. Considering the fissured nature of the LC, significant 113 
attention was given during the preparation of intact specimens. Where the specimen preparation 114 
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process involved minor visible damage to the soil structure, the prepared specimen was marked as 115 
LQU. Prior to the start of the tests, the w0 and the specimen dimensions were measured for 116 
saturated MSL tests. The specimen was then set in the conventional oedometer cell and vertical 117 
load was applied step-wise to the submerged specimen during each 24 hours loading step. 118 
Typically, for conventional oedometer tests, vertical load is doubled at each stage of loading. This 119 
can, however, cause significant unfavourable disturbance to the structural properties of the test 120 
specimen especially at high stress levels. In order to reduce such effects, in addition to the doubling 121 
vertical stress method, other loading patterns, as shown in Table 2, were also considered. By the 122 
end of loading to the desired stress levels, the specimens were unloaded step-wise in order to 123 
evaluate the swelling response. Each unloading stage was kept for 24 hours to ensure complete 124 
swelling and that most of the generated suction was released. The compression curves were finally 125 
obtained based on the final settlement values. For unsaturated MSL tests, prior to each experiment, 126 
the HCTs were saturated and preconditioned following the procedure explained by Bagheri et al. 127 
(2018). In order to ensure ultimate contact between the specimen and the HCTs, the ceramic disks 128 
of the tensiometers were covered with soil paste, and a small vertical stress was also applied to the 129 
specimen. The average suction recorded by the two HCTs, used to monitor suction changes, at the 130 
start of loading was considered as the initial suction (s0) of the specimen. In all experiments, the 131 
pressure difference recorded by the two HCTs did not exceed 5 kPa. The HCTs were also 132 
periodically calibrated in order to account for any possible changes in their performance. For 133 
specimens with s0 values beyond the capacity of the HCTs, the corresponding s0 values were 134 
estimated from the curve fitting of the experimental SWRC using Fredlung and Xing (1994) 135 
equation. Table 2 presents the details of MSL tests. 136 
SSL tests were carried out only on reconstituted specimens in order to avoid the complexities 137 
associated with coupled effects of suction and soil structure. Unlike conventional incremental 138 
loading tests, the test pressure was applied directly in a single loading stage in order to remove the 139 
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possible effects of loading and creep history on the measured creep strains. Moreover, in order to 140 
avoid the problems associated with sudden loading, the applied pressure was ramped up to the 141 
desired vertical stress level at a constant rate of 8-10 kPa per hour. The applied pressure was 142 
sustained for a period of 19 to 94 days. The values of the maximum applied vertical stresses (σvm) 143 
were chosen so that they were higher than the preconsolidation pressure of the samples so that it 144 
was possible to investigate the creep response in the normal consolidation state. Unsaturated tests 145 
were conducted on specimens having initial suction states on the main drying curve of the SWRC 146 
in order to eliminate the complexity associated with volumetric deformation due to wetting 147 
(wetting-induced deformations or collapse in wetting), and therefore observe the effect of suction 148 
on mechanically induced creep deformations. Details of the carried out experiments are 149 
summarised in Table 3. 150 
Results  151 
The compression index (Cc), swelling index (Cs), and reloading index (Cr) values were calculated 152 
as the slope of respectively the normal compression line (NCL), the swelling (unloading) line, and 153 
the reloading line of the compression curve plotted in e – log σʹv space, where e is void ratio and 154 
σʹv is vertical effective stress. As suggested by Mataic et al. (2016), the creep index (Cαe) was 155 
defined as the slope of the plot of void ratio versus logarithm of time (t) from the time period of 156 
6–24 hours for each load increment. The decrease in void ratio during this time scale represents 157 
the creep phase as the end of primary consolidation (EOP) was found to be within the first 5–6 158 
hours of each loading increment. The experimental results of unsaturated oedometer tests can be 159 
evaluated based on the generalised vertical effective stress relationship; 160 
(1) sSrvnetv    
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where Sr is the degree of saturation, s is soil suction, and σvnet = σv – ua is the net normal stress 161 
defined as the difference of vertical total stress (σv) and pore-air pressure (ua). Estimation of Sr 162 
requires the information of the water content of the specimen during the test. However, as the 163 
suction-monitored oedometer cell does not allow for measurement of the specimens’ water 164 
content, the experimental results of unsaturated oedometer tests were evaluated based on the σvnet, 165 
and since the tests were carried out at the atmospheric air pressure, σvnet = σv. 166 
Evaluation of Compressibility in MSL Tests 167 
A comparison of the normalised compression curves for Sheppey LC and the natural LC from 168 
Unit C (block sample retrieved from 5–10 m depth) of the Heathrow Terminal 5 site (T5) 169 
(Gasparre 2005) is shown in Fig. 3. The curves exhibited very similar characteristics with almost 170 
equal compression and swelling indices. The specimen from T5, however, is less compressible 171 
than the Sheppey specimen, mainly due to its lower plasticity index (Ip = 37%) and initial water 172 
content (w0 = 24%). Moreover, the change in loading pattern, which was aimed at reducing the 173 
effects of sudden loading and subsequent damages to the soil structure, did not have a notable 174 
influence on the obtained compression curves. The only exception was the MSLis32-5 curve 175 
which was slightly shifted to the right, and exhibited lower compressibility which could be due to 176 
a lower Sr of the specimen at the start of the test. Furthermore, the highly structured nature of the 177 
specimens resulted in high Cs values. Similar observations were also reported by Gasparre (2005) 178 
for LC samples retrieved from T5. Average Cc and Cs values of respectively 0.218 and 0.096 were 179 
obtained from the compression tests on intact specimens having an average initial void ratio of e0 180 
= 0.85 and initial water content of w0 = 32%. 181 
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  182 
Fig. 3. Comparison of the compression curves for intact Sheppey LC and natural LC from Unit C of 183 
Heathrow T5 site 184 
Fig. 4 presents the results of MSL compression tests carried out on reconstituted specimens. It is 185 
seen that with an increase of w0, the compressibility of the specimens is increased. Average Cc and 186 
Cs values of respectively 0.383 and 0.125 were obtained from the compression tests on 187 
reconstituted specimens having an average initial void ratio of 0.93 and initial water content of 188 
39%. For specimens with w0 = 43%, the average Cc and Cs values of respectively 0.408 and 0.133 189 
were obtained. Similar Cc values of 0.41 to 0.51 were reported by Sorensen (2006) from isotropic 190 
compression and oedometer tests on reconstituted LC from T5. Similar to intact specimens, the 191 
reconstituted compression curves of Sheppey and T5 LC were also compared. The reconstituted 192 
Sheppey specimen exhibits less compressibility in comparison with the reconstituted T5 specimen. 193 
This behaviour could be attributed to the modified PSD of the reconstituted Sheppey specimens 194 
and the presence of sand-sized aggregates that resulted in an increased resistance against 195 
compression. 196 
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  197 
Fig. 4. Comparison of the compression curves for reconstituted Sheppey LC and natural LC from Unit C 198 
of Heathrow T5 site 199 
To further investigate the effect of soil structure on the compressibility of Sheppey LC, a set of 200 
three MSL oedometer tests were carried out on LQU specimens. A comparison of compression 201 
curves for intact, reconstituted, and LQU specimens is shown in Fig. 5. The compression curve of 202 
the LQU specimen with partly destroyed structure lies in between the compression curves of intact 203 
and reconstituted specimens. The curve is more similar to the reconstituted compression curve, 204 
highlighting the greater influence of soil structure than the initial water content on the 205 
compressibility of stiff LC.  206 
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  207 
Fig. 5. Comparison of the compression curves for saturated intact, reconstituted, and LQU specimens 208 
Fig. 6 presents the normalised compression curves for unsaturated reconstituted specimens. As it 209 
can be seen, suction influences the shape and location of the compression curves. Increase in 210 
suction level results in a decrease in overall compressibility of the specimens. Furthermore, 211 
increase in suction results in an increase in yield vertical net stress (σp), a phenomenon known as 212 
suction hardening (Wheeler and Sivakumar, 1995). The obtained data allows for defining the locus 213 
of the yield points in suction-net mean stress plane known as Loading-Collapse yield curve in 214 
Barcelona Basic Model (BBM) proposed by Alonso et al. (1990). 215 
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  216 
Fig. 6. Compression curves for unsaturated reconstituted specimens  217 
Fig. 7 presents the variation of pore-water pressure (uw) during loading and unloading stages for 218 
specimens MSLru37, MSLLru36, MSLru35 and MSLru28. Figs. 7(a) to 7(d) show an 219 
instantaneous increase in uw (decrease in suction) followed by a gradual pressure equalisation at 220 
each loading stage. Moreover, for all loading stages, a suction state was preserved within the 221 
specimens, confirming that no water had been expelled, and hence, the condition of constant water 222 
content was recognised throughout the experiments. Similarly, instantaneous decrease in uw 223 
(increase in suction) followed by a pressure stabilisation was observed at each unloading stage. 224 
Unlike the assumption of pore-fluid incompressibility in saturated consolidation theory, the pore-225 
fluid, being formed of gas (typically air) and liquid (typically water), is considered compressible 226 
during consolidation of unsaturated clays. Therefore, during the course of compression, with a 227 
decrease in air volume, the Sr is increased, this is mainly due to the reduction in void ratio of the 228 
specimen. The decrease in suction observed at the end of the unsaturated MSL tests can be, 229 
therefore, explained by the increase in Sr of the specimen.  230 
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Figs. 7(e) to 7(h) present the variation of suction with vertical stress changes (ds/dσ), once 231 
equilibrium has been reached. As it can be seen on the graphs, suction is decreased during loading 232 
and then increased by unloading. For vertical stresses up to 400 kPa (200 kPa for MSLru28), a 233 
linear relationship between changes in suction and applied vertical stress was observed. Variation 234 
of suction with vertical stresses higher than 400 kPa (200 kPa for MSLru28) appears to be almost 235 
constant during both loading and unloading stages. The slopes obtained during loading were very 236 
close and varied between -0.30 and -0.34. Except for the MSLru28 specimen, the slopes obtained 237 
during unloading were also close and varied between -0.02 and -0.08. MSLru28 exhibited a higher 238 
slope in unloading (-0.86) than loading (-0.30). For natural clays, the slopes obtained during the 239 
unloading stage can be used for estimation of suction changes during sampling and release of 240 
stresses (Delage et al. 2007). Although the experiments were performed on reconstituted samples, 241 
the obtained results clearly confirmed the importance of suction and suction release, in particular 242 
in stiff clays such as LC, even though it appears that suction changes during unloading for 243 
specimens with low initial suctions (< ~500 kPa) is not significant. 244 
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Fig. 7. Monitoring suction changes during step loading oedometer tests 245 
Further inspection of Figs. 7(a) to 7(d) reveals a slight increase in equalised suction at the early 246 
stages of loading (e.g. at σv = 89 kPa) for MSLru37, MSLru36, and MSLru35 specimens. A 247 
possible reason for such observation is that under constant water content conditions, the change in 248 
pore-water pressure (Δu) is expressed as; 249 
(2) dv uBu    
Where B is the Skempton B value (Δu/Δσv) and Δud is the excess pore-water pressure accounted 250 
for a possible dilation within the aggregates. This dilation component (Δud) would be negative, 251 
therefore it may subdue the overall increase in Δu caused by Δσv. Therefore, it may be expected 252 
to see an increase in suction and hence, reduction in the overall B value at the early stages of 253 
compression under undrained conditions. Evolution of B value with vertical net stress during the 254 
loading and unloading stages is shown in Fig. 8. The fact that the B value is notably high at the 255 
early stages of loading might be due the high water content of the soil paste placed on the tip of 256 
HCT to ensure intimate contact between the porous filter and surrounding soil.  257 
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Fig. 8. Evolution of Skempton B value with vertical net stress 258 
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Stress-Dependent Response in MSL Tests 259 
Compressibility of intact and reconstituted clays can be evaluated from the variation of the slope 260 
of compression curve with vertical effective stress (σ′v). The slope of compression curve (mc) at 261 
each loading increment is calculated as Δe/Δlog σ′v. The saturated yield vertical net stress (σ′p) 262 
was determined as the intersection of the best fitted lines to the pseudo-elastic and plastic sections 263 
of the compression curve. For σ′v < σ′p, the calculated values represent the slope of the reloading 264 
line (i.e. Cr), and for σ′v > σ′p, the calculated values represent the slope of normal compression line 265 
(i.e. Cc). Fig. 9 presents the relationship between mc and normalised stress σ′v/σ′p for saturated 266 
intact, reconstituted, and LQU specimens. As it can be seen, change in the loading pattern (dotted 267 
lines) does not have a significant influence on the Cr and Cc values for intact specimens. Prior to 268 
the yield stress, the Cr values increase slightly. Following σ′p, the values of Cc increase gradually 269 
until reaching a peak value around (8-10) σ′p, after which, a gradual decrease in compressibility is 270 
observed. Unlike soft clays that exhibit a sudden increase of Cc in post yield region due to 271 
structural collapse (see for example Mataic et al. 2016), the process of destructuration in stiff LC 272 
appears to be continuous and follows an almost linear trend until reaching the peak value. In soft 273 
clays the peak value falls in a range of (2-3) σ′p (e.g. Karstunen and Yin 2010; Mataic et al. 2016), 274 
whereas for stiff LC this range is observed to extend to (8-10) σ′p (see Fig. 9). Similar to intact 275 
specimens, the slope of reloading line for reconstituted specimens increases slightly prior to σ′p. 276 
Increase in slope of reloading line for specimens with w0 = 43% is reasonably higher than the 277 
specimens with w0 = 39% given the higher water content that results in higher compressibility. 278 
The slope of compression curve in normal consolidation (NC) region increases dramatically to a 279 
peak value at stress levels between (3-4) σ′p, at which it starts to decrease slowly. In soft clays, 280 
higher mc values for intact specimens is typically observed in comparison with the reconstituted 281 
specimens, mainly due to the destructuration phenomenon that results in dramatic increase of Cc 282 
values in post yield region. However, as explained earlier, in stiff LC, degradation of inter-particle 283 
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bonds (destructuration) does not occur suddenly and typically takes place gradually with increase 284 
in stress level. In overconsolidated (OC) region, the Cr values for LQU specimens increase at the 285 
same rate as the reconstituted specimens. However, in post yield region, the rate of increase in Cc 286 
for LQU specimens is lower than that of reconstituted specimens, this is in part, due to the lower 287 
w0 and the presence of inter-particle bonds that result in reduction of compressibility. The 288 
maximum value of Cc for LQU specimens occurs in a range of (6-8) σ′p. 289 
  290 
Fig. 9. Stress-dependency of the slope of compression curve for saturated intact, reconstituted, and LQU 291 
specimens  292 
Fig. 10 presents variation of the Cαe with normalised stress σ′v/σ′p for intact, reconstituted, and 293 
LQU specimens. It is observed that for doubling vertical stress method (dotted lines), Cαe increases 294 
gradually with stress level up to (3-4) σ′p, at which it starts to increase dramatically to a peak value 295 
at stress levels in a range of (6-7) σ′p. This behaviour can be attributed to the structural damage to 296 
the specimen during sudden loading at high stress levels. After the peak value, Cαe decreases 297 
dramatically. For specimens that the vertical stresses were applied in an unconventional way 298 
(continuous lines) following the pattern described in Table 2, it is observed that Cαe increases 299 
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gradually with stress level up to (8-11) σ′p, at which it starts to decrease. This unconventional 300 
loading method, therefore, appears to produce more reliable results although it involves more 301 
loading stages and hence, requires more time to complete. The maximum value of Cαe falls 302 
approximately in the range of 0.007 – 0.008 and 0.005 – 0.006 respectively for conventionally and 303 
unconventionally loaded intact specimens. For reconstituted specimens with w0 = 39%, Cαe 304 
increases slowly at stress levels prior to σ′p. For stresses beyond yield stress, Cαe increases at a 305 
higher rate until reaching a peak value at stress levels in a range of (6-7) σ′p at which it starts to 306 
decrease. For specimens with higher initial water content (w0 = 43%), variation of Cαe with 307 
normalised stress is slightly different, with Cαe increasing dramatically in OC region and then 308 
increasing gradually in NC region to a peak value at stress levels in a range of (3-4) σ′p where a 309 
gradual reduction of Cαe values is observed. The maximum value of Cαe falls approximately in the 310 
range of 0.012 – 0.013 for all tested reconstituted specimens. This range is comparable with the 311 
average value of Cαe = 0.016 reported by Sorensen (2006) for reconstituted T5 LC. 312 
Unlike natural soft clays which typically exhibit higher creep than their corresponding 313 
reconstituted specimens, stiff LC exhibits significantly less creep in comparison with the 314 
corresponding reconstituted specimens. This, on the one hand, can be attributed to the more 315 
compact nature of stiff clays (low initial void ratio) that results in reduced particles freedom for 316 
rearrangement under sustained σ′v, and on the other hand, to the low w0 of the intact specimens 317 
and presence of localised unsaturated pockets with sustainable water menisci developed at inter-318 
particle contacts preventing orientation and rearrangement of particles into a more packed state. 319 
In soft clays, the Cαe values for intact specimens essentially converge with intrinsic Cαe of the 320 
reconstituted specimens at high stress levels associated with the completely destroyed inter-321 
particle bonds and rearranged fabric (Mataic et al. 2016). Indeed, much higher stress levels are 322 
required to observe such behaviour for stiff clays. For LQU specimens, it is observed that Cαe 323 
increases gradually with stress level up to (4-5) σ′p, at which it starts to decrease. The response of 324 
Canadian Geotechnical Journal. Submitted 17 June 2018; accepted 27 June 2019. 
https://doi.org/10.1139/cgj-2018-0398 
20 
 
LQU specimens is more similar to that of reconstituted ones, highlighting the effect of soil 325 
structure on creep strains. 326 
  327 
Fig. 10. Stress-dependency of Cαe for intact, reconstituted, and LQU specimens 328 
The ratio of α = Cαe/Cc in clays has been the subject of numerous studies in the past. Although 329 
early researchers such as Mesri and Godlewski (1977) and Mesri and Castro (1987) proposed 330 
constant values for α, recent experimental studies (e.g. Yin et al. 2011; Mataic et al. 2016) have 331 
demonstrated stress-dependency of α for soft clays. In order to examine the applicability of either 332 
of these two hypotheses for stiff Sheppey LC, the ratio α was investigated. Fig. 11 presents 333 
variation of Cαe/mc ratio with normalised stress σ′v/σ′p for saturated intact, reconstituted, and LQU 334 
specimens. Unlike natural soft clays that exhibit a sudden increase to a peak value in post yield 335 
region due to destructuration phenomenon (Mesri and Castro 1987; Karstunen and Yin 2010; 336 
Mataic et al. 2016), variation of Cαe/mc ratio with normalised stress for intact specimens does not 337 
present such trends. At lower stress levels (i.e. OC region), the Cαe/Cr ratio is considerably 338 
scattered. In NC region, the Cαe/Cc ratio decreases gradually with stress level. The values of α fall 339 
approximately in a range of 0.015 – 0.045. Moreover, the values of α for conventionally loaded 340 
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specimens are generally greater than those of unconventionally loaded specimens (dotted lines). 341 
The less scattered values of α for unconventionally loaded specimens in post yield region can 342 
further approve the suitability of this loading method for investigating interrelation of compression 343 
and creep indices in stiff clays. Similar to intact specimens, the Cαe/Cr ratio for reconstituted 344 
specimens is considerably scattered at lower stress levels (i.e. OC region). However, in NC region, 345 
the Cαe/Cc values are less scattered and decrease gradually to finally converge at the constant 346 
average value of 0.024. Moreover, the values of α in post yield region are in general smaller for 347 
intact specimens than reconstituted ones given lower Cc and Cαe values observed for intact 348 
specimens (see Figs. 9 and 10). In soft clays, the Cαe/Cc values essentially converge at a constant 349 
value corresponding to that of the reconstituted specimens. This is justified based on the principle 350 
that at high stress levels, all inter-particle bonds are destroyed and the post yield compression 351 
curve of a natural clay merges with the intrinsic compression line (ICL) associated with the 352 
corresponding reconstituted specimen. In soft clays, convergence of Cαe/Cc values for intact and 353 
reconstituted specimens may occur at stress levels in a range of (10-20) σ′p due to the soft nature 354 
and high degree of destructuration in these materials. However, a much higher stress level may be 355 
required for degradation of inter-particle bonds in stiff clays such as LC. Applying such high 356 
stresses may not be typically possible using the conventional dead-weight loading method in 357 
oedometer apparatuses. Inspection of the results for LQU specimens reveals that, except for the 358 
MSLis32-7* specimen, the ratio of α for LQU specimens exhibits a peak value at stress levels in 359 
a range of (4-5) σ′p, at which it starts to decrease towards the values of α ratio of the reconstituted 360 
specimens. In conclusion, it is clear that the Cαe/Cc ratio is stress-dependent and varies with the 361 
effective stresses. Therefore, the hypothesis of constant Cαe/Cc ratio is not applicable for the tested 362 
material. 363 
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  364 
Fig. 11. Stress-dependency of Cαe/Cc for intact, reconstituted, and LQU specimens 365 
 366 
Suction-Dependent Response in MSL Tests 367 
Fig. 12 presents the relationship between the slope of unsaturated compression curve (m′c = 368 
Δe/Δlog σvnet) and vertical net stress (σvnet) for unsaturated reconstituted specimens. Similar to 369 
saturated reconstituted specimens (see Fig. 9), the slope of compression curves, calculated for each 370 
load increment, exhibits stress-dependency and increases with increase in σvnet. However, unlike 371 
the saturated specimens, a peak value, after which the m′c is decreased, is not apparent. Moreover, 372 
it is clearly shown that increase in suction results in decrease of the m′c values. To further 373 
investigate this phenomenon, the values of Cs and Cc for each test were plotted against the initial 374 
suction of the specimen (Fig. 13). It is clearly observed that the Cc values decrease with increase 375 
in suction. The Cs values also decrease with increase of suction and follow an approximately linear 376 
trend. The latter observation contradicts with the statement of Sivakumar (1993) that the gradient 377 
of swelling lines are almost independent of suction level. The former observation also contradicts 378 
with the results of suction-controlled oedometer tests on compacted LC, performed by Monroy et 379 
al. (2008), who reported an increase in Cc values with increase in soil suction. The reason behind 380 
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such contradiction can be attributed to the sample preparation method and the initial conditions of 381 
the test specimens. Monroy et al. (2008) prepared the samples by static compaction to an initial 382 
suction of 1000 kPa, and then decreased the suction by hydrating the samples to different 383 
equilibrium suctions (zero, 120, and 405 kPa). Therefore, the observed differences in 384 
compressibility responses can be explained, in one hand, by the differences in mechanical response 385 
of compacted and reconstituted samples, and in other hand, by the initial hydraulic states of the 386 
two samples positioned respectively on the main drying (reconstituted) and main wetting 387 
(compacted) curves of the SWRC.  388 
  389 
Fig. 12. Suction- and stress-dependency of the slope of compression curve for unsaturated reconstituted 390 
specimens 391 
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  392 
Fig. 13. Variation of Cc and Cs with suction for unsaturated reconstituted specimens 393 
The compression index as a function of suction has been the subject of a long-term dispute among 394 
the researchers. Different approaches, as discussed in Zhou et al. (2012), have been proposed to 395 
overcome the problems associated with assuming Cc as a function of suction. Among which, the 396 
assumption of Cc as a function of Sr appears to be a more logical approach which also produces a 397 
better match to the experimental data when used in constitutive models (Zhou et al. 2012). This 398 
approach implies that Cc increases with increase in Sr. In other words, it is possible to saturate an 399 
unsaturated soil by compressing it under constant suction. In fact, in constant suction compression, 400 
increase in Sr as a result of reduction in void ratio, can increase the compressibility of the soil due 401 
to the stress-induced collapse of macro-pores (Zhou et al. 2012). Based on this approach, increase 402 
of Cc is small at low stresses, and becomes larger at intermediate stress levels until finally equalises 403 
the Cc value corresponding to the saturated condition. This behaviour is clearly shown in Fig. 12. 404 
The only difference is that the Cc values of unsaturated specimens do not essentially converge with 405 
the values of their saturated condition. Higher applied total stresses might be required to observe 406 
such convergences. Moreover, as shown in Fig. 7, in drained compression tests carried out here, 407 
suction evolves throughout the experiment and ends up with a lower value than the s0 at the start 408 
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of the test. Therefore, the conditions of constant suction tests, typical of suction-controlled 409 
oedometer tests, are not met here. Essentially, for the material tested here, it can be concluded that 410 
the slope of compression curve decreases with increase of soil suction. 411 
Fig. 14 presents variation of the Cαe with vertical net stress (σvnet) for unsaturated reconstituted 412 
specimens. Similar to saturated reconstituted specimens (see Fig. 10), the Cαe, calculated for each 413 
load increment, exhibits stress-dependency and increases with increase in σvnet. However, unlike 414 
the saturated specimens, a peak value, after which the Cαe is decreased, is not apparent. In a rough 415 
estimation, for specimens with s0 of 362, 1405, 1907, and 21000 kPa, the maximum value of creep 416 
index appears to occur at 710, 500, 500, and 400 kPa vertical total stress respectively. Furthermore, 417 
increase of Cαe is small at low stress levels (< 200 kPa), and becomes larger at higher stress levels. 418 
Moreover, it is clearly observed that increase in suction results in a decrease of the Cαe values. 419 
With development of partial saturation state in the specimen during drying, the uw becomes 420 
negative at the back of the generated water menisci at the inter-particle contacts, applying tensile 421 
pressure to the soil grains. The additional attractive forces exerted from the water menisci and 422 
contractile skin, contribute to the reduction of particles’ freedom for rearrangement under 423 
sustained effective stress. The rate and magnitude of volumetric creep strains (εvcr) are, therefore, 424 
decreased with the increase in soil suction. 425 
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  426 
Fig. 14. Suction- and stress-dependency of Cαe for unsaturated reconstituted specimens 427 
Fig. 15 presents the variation of Cαe/m′c ratio with vertical net stress for unsaturated reconstituted 428 
specimens. At low stress levels (< 200 kPa), the values of Cαe/m′c decrease with increase in σvnet. 429 
However, at higher stress levels, the values of Cαe/m′c are scattered and do not follow a clear trend. 430 
In a rough estimation, the values of α = Cαe/Cc could approximately be considered constant with 431 
increase in stress level. Excluding the MSLru15 specimen, the values of α obtained for unsaturated 432 
conditions appear to fall within a range of 0.023 – 0.030. Note that in saturated conditions, the 433 
values of α decrease gradually to finally converge at a constant value of 0.024, whereas in 434 
unsaturated conditions a clear trend and/or convergence is not observed. 435 
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  436 
Fig. 15. Suction- and stress-dependency of the α ratio for unsaturated reconstituted specimens 437 
Evaluation of α Ratio for Sheppey London Clay 438 
Table 4 summarises the stress ranges at which the maximum values of Cc, Cαe, and α occur for 439 
both intact and reconstituted specimens. The range and average values of α ratio obtained from 440 
different sets of experiments are also presented. The results indicate that for conventionally loaded 441 
intact specimens as well as reconstituted specimens with w0 = 0.39, the maximum values of Cc 442 
and Cαe do not occur at the same stress level. However, for unconventionally loaded intact 443 
specimens as well as reconstituted specimens with w0 = 0.43, Cc and Cαe reach the peak value at 444 
the same stress levels synchronously. The latter finding is in contradiction with the limited 445 
available observations reported in the literature for soft clays (see Mataic et al. 2016). The 446 
maximum values of α occur at stress levels in a range of (1-2) σ′p, for both intact and reconstituted 447 
specimens. For unsaturated specimens, a peak value for Cc, Cαe, and α was not apparent. For 448 
saturated intact specimens, the range of α values varies significantly. For conventionally loaded 449 
intact specimens, an average α value of 0.03 ± 0.02 can be approximated. However, for 450 
unconventionally loaded intact specimens, a lower approximate average α value of 0.02 ± 0.01 is 451 
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obtained. According to the classification criterion defined by Mesri et al. (1994), Sheppey London 452 
Clay lies in the zone of shale or mudstone whose α value ranges from 0.02 to 0.04. For saturated 453 
and unsaturated reconstituted specimens, the ratio Cαe/Cc lies in a similar range of 0.023 – 0.037. 454 
Accordingly, an average value of 0.03 ± 0.01 can be approximated for the α ratio of saturated and 455 
unsaturated reconstituted specimens. The values of α for saturated LQU specimens fall in a range 456 
of 0.023 – 0.048, with the lower band value being equal to that of reconstituted specimens, and 457 
the upper band value, being similar to that of intact specimens. 458 
Stress- and Suction-Dependent Response in SSL Tests 459 
Test results in this section are presented in plots of normalised void ratio e/ep versus logarithm of 460 
time, where ep is the void ratio obtained 24 hours after the end of loading. The decision of 461 
considering the results obtained after a period of 24 hours was made so as to ensure full dissipation 462 
of uexc, and also to allow for comparison between the results and define a criterion applicable to 463 
all experiments. Similar approach was considered by Cui et al. (2009) for investigating time-464 
dependent behaviour of stiff Boom Clay. 465 
Fig. 16 compares variation of the normalised void ratio e/ep with logarithm of time for intact and 466 
reconstituted specimens at different stress levels. For all specimens, higher volume changes were 467 
observed with increase in σvm, indicating the stress-dependency of creep strains. The rate of change 468 
in void ratio for all specimens was higher during the first 10 days of sustained loading, after which 469 
it started to decrease. For intact and reconstituted specimens, the observed behaviour corresponds 470 
to primary creep stage characterised as increasing creep strains at a decreasing strain-rate. 471 
Furthermore, the creep rate and magnitude appears to be, in general, lower for intact specimens 472 
than the reconstituted ones, this being, in part, due to the low w0 of the intact specimens. Soil 473 
structure, i.e. fabric anisotropy and inter-particle bonding, also plays a significant role in 474 
controlling deformations. The process of destructuration during single-stage loading, and whether 475 
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the inter-particle bonds were fully or partly destroyed, is not, however, clearly identified. 476 
Moreover, at the same stress level, the rate and magnitude of change in void ratio for reconstituted 477 
specimens with higher initial water contents (w0 = 0.43) were found to be higher. In the absence 478 
of inter-particle bonds, the water content of the specimens appears to control the rate and 479 
magnitude of creep strains.  480 
  
  
 
 
Fig. 16. SSL creep test results on intact and reconstituted specimens at stress levels of: (a) 178 kPa; (b) 481 
222 kPa; (c) 355 kPa; (d) 444 kPa; (e) 666 kPa 482 
Graphs of Fig. 17 present the variation of normalised void ratio e/ep with logarithm of time for 483 
specimens having different initial water contents (and therefore different suctions), and subjected 484 
to similar vertical stresses. It is clearly observed that at the same vertical stress level, decrease in 485 
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w0 (or increase in s0) results in a decrease in the rate and magnitude of εvcr. Unlike saturated soils, 486 
the water phase in partially-saturated soils is discontinuous. The generated water menisci between 487 
the soil particles hold the grains together and the soil particles are held together by the tensile 488 
forces at the solid-water interface. During creep under constant effective stress, the under-tension 489 
water menisci resist against rearrangement and orientation of the clay particles.  490 
  
  
 
 
Fig. 17. SSL creep test results on unsaturated reconstituted specimens at stress levels of: (a) 178 kPa; (b) 491 
222 kPa; (c) 355 kPa; (d) 444 kPa; (e) 666 kPa 492 
Similar to saturated conditions (Fig. 16), creep behaviour in unsaturated conditions appears to be 493 
stress-dependent. However, effect of increase in σvm is more pronounced during the final stages of 494 
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the unsaturated tests. For specimens SLLru28-444 and SLLru28-355 with s0 = 1405 kPa, the 495 
volume change response appears to be fairly similar, indicating the predominant effect of soil 496 
suction in controlling creep deformations. Similar behaviour is also observed for SLLru26-222 497 
and SLLru26-178 specimens with s0 = 1907 kPa, further supporting this hypothesis. The 498 
predominant effect of suction is not, however, apparent for specimens with lower initial suctions.  499 
Similar to MSL tests, an instantaneous increase in uw (decrease in suction) followed by a gradual 500 
pressure equalisation at each loading stage was observed. Moreover, for all loading stages, a 501 
suction state was preserved within the specimens, confirming that no water was expelled, and 502 
hence, the condition of constant water content was recognised throughout the loading stage. Fig. 503 
18 presents the results of monitoring suction evolutions during the creep stage of the tests. It is 504 
observed that suction is decreased with time for all of the test specimens. In fact, with increase in 505 
creep strains at constant water content, total volume is decreased resulting in an increase in the Sr, 506 
which in turn, leads to a decrease in soil suction. This is, however, a possible mechanism, and the 507 
observed decrease in suction might be due to other factors influencing the HCTs measurements. 508 
However, if this is the case, keeping the soil suction constant during a constant suction creep test 509 
may not be ideal, as this may require a change (reduction) in Sr of the specimen, and hence, 510 
artificially development of creep strains.  511 
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  512 
Fig. 18. Monitoring suction changes during creep stage of SSL oedometer tests 513 
Conclusions 514 
Results of a set of MSL and SSL oedometer tests performed on Sheppey London Clay specimens 515 
under different conditions of saturated intact, saturated reconstituted, and unsaturated 516 
reconstituted were presented.  The following conclusions can be drawn; 517 
- The change in loading pattern, which was aimed at reducing the effects of sudden loading 518 
and subsequent damages to the soil structure during MSL tests, does not have a notable 519 
influence on the obtained compression curves and the Cr and Cc values for intact 520 
specimens; however, it leads to lower Cαe/Cc values than the conventionally loaded 521 
specimens. 522 
- Unlike soft clays that exhibit a sudden increase of Cc in the post yield region due to 523 
structural collapse, the process of destructuration in stiff LC appears to be continuous and 524 
follows an almost linear trend. 525 
- Unlike natural soft clays which typically exhibit higher creep than their corresponding 526 
reconstituted specimens, stiff LC exhibits significantly less creep in comparison with the 527 
corresponding reconstituted specimens. This, on the one hand, can be attributed to the more 528 
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compact nature of stiff clays (low e0), and on the other hand, to the low w0 of the intact 529 
specimens. 530 
- Generally, for Sheppey LC, increase in suction results in a decrease in the slope of 531 
compression curve (m′c) and the Cαe values, and an increase in σp. 532 
- According to the classification criterion defined by Mesri et al. (1994), Sheppey LC is 533 
categorised as shale or mudstone whose α value ranges from 0.02 to 0.04. The α = Cαe/Cc 534 
ratio for Sheppey LC is stress- and suction-dependent, and therefore cannot be considered 535 
as a constant value. However, as a rough estimation, an average value of 0.03 ± 0.01 can 536 
be approximated for the α ratio of saturated and unsaturated reconstituted specimens. 537 
- During SSL tests, at the same vertical stress level, decrease in w0 (or increase in s0) results 538 
in a decrease in the rate and magnitude of εvcr. Moreover, at the same s0, increase in applied 539 
vertical stress leads to an increase in the εvcr. 540 
- The volume change of specimens with high s0 during SSL tests appears to be 541 
predominantly controlled by the state of suction stress rather than the applied vertical 542 
stress.  543 
- During long-term creep tests at constant water content, a decrease in soil suction monitored 544 
by HCTs can be attributed to an increase in Sr of the specimen with decrease in total volume 545 
during creep. If this holds true, long-term creep tests where suction is artificially kept 546 
constant may not be ideal and the observed creep strains may not be solely attributed to 547 
the applied total vertical stress.  548 
- Further investigations and more test results over a wider range of soil suction and applied 549 
vertical stress levels are required to validate the observed time-dependent response for the 550 
tested soil. 551 
  552 
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List of Symbols  650 
Cc =  compression index in e – log σʹv space 
Cr =  reloading index in e – log σʹv space 
Cs =  swelling index in e – log σʹv space 
Cαe =  creep index with respect to e 
e =  void ratio 
e0 =  initial void ratio 
ei =  instantaneous change in void ratio 
ep =  void ratio 24 hours after the end of loading in SSL tests 
Gs =  specific gravity 
Ip =  plasticity index 
kv =  coefficient of vertical permeability 
m′c =  slope of compression curve in e – log σv space for unsaturated conditions 
mc =  slope of compression curve in e – log σ′v space for saturated conditions 
Sr =  degree of saturation 
s =  soil suction 
s0=  initial suction 
t =  time 
ua =  pore-air pressure 
uexc =  excess pore-water pressure 
uw =  pore-water pressure 
w =  gravimetric water content 
w0=  initial gravimetric water content 
wL =  liquid limit 
wP =  plastic limit 
α =  represents the ratio Cαe/Cc 
β =  represents the ratio ei/ep 
εvcr =  volumetric creep strain 
σp =  yield vertical net stress in unsaturated states 
σ'p =  yield vertical net stress in saturated states 
σv =  applied vertical total stress 
σʹv =  vertical effective stress 
σvm =  maximum applied vertical stress 
σvnet =  net normal stress 
651 
Canadian Geotechnical Journal. Submitted 17 June 2018; accepted 27 June 2019. 
https://doi.org/10.1139/cgj-2018-0398 
39 
 
List of Tables 652 
 653 
Table 1. Physical properties of Sheppey London Clay samples 654 
Clay (%) Silt (%) Sand (%) in-situ w (%) wP (%) wL (%) Gs 
kv (m/s)  
at 20º C 
64 34 2 29 – 35 19 – 24 70 – 78 2.67 2.5×10-10 
 655 
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Table 2. Details of MSL tests 656 
Test ID Loading/unloading stresses (kPa) 
w0 
(%) 
s0  
(kPa) 
σvm 
(kPa) 
Test 
duration 
(days) 
Test 
condition 
MSLis32-1 22-44-89-178-355-710-1421-710-355-178-89 32  1421 11 
S
at
u
ra
te
d
 
MSLis32-2 22-44-89-178-355-710-1421-710-355-178-89 32  1421 11 
MSLis32-3 22-44-89-178-355-710-1421-710-355-178-89 32  1421 11 
MSLis32-4 11-22-44-89-178-222-333-444-666-888-1110-1332-1110-888-666-444-333-222-178 32  1332 19 
MSLis32-5 11-22-44-89-178-222-333-444-666-888-1110-1332-1110-888-666-444-333-222-178 32  1332 19 
MSLis32-6 11-22-44-89-178-222-333-444-666-888-1110-1332-1110-888-666-444-333-222-178 32  1332 19 
MSLis32-7* 22-44-89-133-178-222-333-444-666-888-1110-888-666-444-333-222-178-133 32  1110 18 
MSLis32-8* 22-44-89-133-178-222-333-444-666-888-1110-888-666-444-333-222-178-133 32  1110 18 
MSLis32-9* 22-44-89-133-178-222-333-444-666-888-1110-888-666-444-333-222-178-133 32  1110 18 
MSLrs39-1 11-22-44-89-178-355-710-1421-710-355-178-44 39  1421 12 
MSLrs39-2 11-22-44-89-178-355-710-1421-710-355-178-44 39  1421 12 
MSLrs39-3 11-22-44-89-178-355-710-1421-710-355-178-44 39  1421 12 
MSLrs43-1 11-22-44-89-178-355-710-1421-710-355-178-44 43  1421 12 
MSLrs43-2 11-22-44-89-178-355-710-1421-710-355-178-44 43  1421 12 
MSLrs43-3 11-22-44-89-178-355-710-1421-710-355-178-44 43  1421 12 
MSLru37  22-44-89-178-355-710-1110-710-355-178-89-44-22-11 37 326 1111 14 
U
n
sa
tu
ra
te
d
 
MSLru36  22-44-89-178-355-710-1110-710-355-178-89-44-22-11 36 433 1111 14 
MSLru35  22-44-89-178-355-710-1110-710-355-178-89-44-22-11 35 513 1111 14 
MSLru28  25-50-100-200-300-400-500-580-500-400-300-200-100-50-25 28 1405 605 15 
MSLru26  25-50-100-200-300-400-500-580-500-400-300-200-100-50-25 26 1907 605 15 
MSLru15  25-50-100-200-300-400-500-580-500-400-300-200-100-50-25 15 ~21000 605 15 
r: reconstituted, i: intact, s: saturated, u: unsaturated, *: low-quality undisturbed 
The number before dash indicates initial water content and the number after dash indicates the test number. 
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Table 3. Details of SSL creep oedometer tests 658 
Test ID 
w0 
(%) 
s0 
(kPa) 
σvm 
(kPa) 
Test 
duration 
(days) 
Test 
conditions 
SSLis32-178 32  178 37 
S
at
u
ra
te
d
 
SSLis32-222 32  222 36 
SSLis32-355 32  355 36 
SSLis32-444 32  444 38 
SSLis32-666 32  666 38 
SSLrs39-178 39  178 60 
SSLrs39-222 39  222 68 
SSLrs39-355 39  355 68 
SSLrs39-444 39  444 46 
SSLrs39-666 39  666 46 
SSLrs43-355 43  355 94 
SSLrs43-444 43  444 94 
SSLru37-666 37 326 666 28 
U
n
sa
tu
ra
te
d
 
SSLru37-444 37 326 444 29 
SSLru37-355 37 326 355 36 
SSLru36-666 36 433 666 28 
SSLru36-444 36 433 444 21 
SSLru36-355 36 433 355 34 
SSLru35-355 35 513 355 34 
SSLru35-222 35 513 222 34 
SSLru35-178 35 513 178 27 
SSLru28-666 28 1405 666 20 
SSLru28-444 28 1405 444 21 
SSLru28-355 28 1405 355 28 
SSLru26-222 26 1907 222 23 
SSLru26-178 26 1907 178 23 
The number after dash shows the σvm. 
 659 
 660 
 661 
 662 
 663 
  664 
Canadian Geotechnical Journal. Submitted 17 June 2018; accepted 27 June 2019. 
https://doi.org/10.1139/cgj-2018-0398 
42 
 
 665 
Table 4. Stress ranges for maximum Cc, Cαe, and α parameters 666 
Test ID 
σ′v / σ′p or σv / σp 
Range of α values Average α 
(Cc)max (Cαe)max (α)max 
MSLis32-1 
8 – 10 6 – 7 1 – 2 0.015 – 0.046 0.031 ± 0.016 MSLis32-2 
MSLis32-3 
MSLis32-4 
8 – 10 8 – 11 1 – 2 0.017 – 0.031 0.024 ± 0.007 MSLis32-5 
MSLis32-6 
MSLis32-7* 
6 – 8 4 – 5 4 – 5  0.023 – 0.048 0.036 ± 0.013 MSLis32-8* 
MSLis32-9* 
MSLrs39-1 
3 – 4 6 – 7  1 – 2 0.022 – 0.037  0.03 ± 0.008 MSLrs39-2 
MSLrs39-3 
MSLrs43-1 
3 – 4 3 – 4 1 – 2 0.024 – 0.036 0.03 ± 0.006 MSLrs43-2 
MSLrs43-3 
MSLru37 
3 – 4 2 – 5  NA 0.023 – 0.037 0.03 ± 0.007 MSLru28 
MSLru26 
MSLru36 
NA NA NA 0.023 – 0.045 0.034 ± 0.011 MSLru35 
MSLru15 
 667 
